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Abstrat
In this artile a notion of information is presented whih stresses the ontextuality of
quantum objets and their measurement. Mathematially this is reahed by a quantiation
of the quantummehanial surplus knowledge whih has been introdued by Weizsäker. This
new formulation gives insight into the relation between single quantum objets and ensembles
of quantum objets. The goal is to provide an explanatory onept for teahing purposes, the
desription of quantum proesses and measurement with aid of information.
1 Introdution
Reently, the experiments performed by the groups of Zeilinger and Weinfurter during the last
years indiate that in understanding quantum theory the onept of information may play an
essential role. Zeilinger proposed in [BZ99℄ an information measure suitable for use in quantum
physis.
Here I try to introdue an information measure taking into aount two main points of the
disussion about interpretation of quantum theory:
1. The ontextuality of any quantum measurement.
2. The transition from quantum regime to lassial regime taking plae during a measurement.
Beause of the signiane of the rst point I will onentrate on it. Already Niels Bohr stressed
in his interpretation the importane of taking into aount the interdependane of measuring
apparatus and quantum objet. He always stated that in every measurement also the apparatus
has to be desribed exatly in order to aount for the observable properties of the quantum objet
in question. Only the observers' questions deide whih of the quantum objets' property gets a
preise well-dened value. Other properties related to it by an unertainty relation, however, are
still indetermined
2 Some basis
In this setion I shortly desribe some features of the density matrix formalism as far as neessary
for my purpose. I restrit to the ase of nite dimensional Hilbert spae.
Two dierent types of quantum objets an be distinguished, whih I lassify aording to the
goal, the desription of measurement in terms of information. The key notion is the desription
of quantum objets by a density matrix.
2.1 Quantum Objets in Pure State
I denote a single quantum objet, unknown to the environment by the term type 1-system; suh
an objet has never been measured. It likewise ould be desribed by a ψ-funtion, written as
ψ =
∑n
i=1 aiϕi , { ϕi} an orthonormal basis of the underlying Hilbert spae. Then its density
1
matrix ρ̂ has the form:
ρ =


|a1|
2
a1a
∗
2 a1a
∗
3 ... ...
a2a
∗
1 |a2|
2
a2a
∗
3 ... ...
a3a
∗
1 a3a
∗
2 |a3|
2
... ...
... ... ... ... ...
... ... ... ... ...

 with trρ =
N∑
i=1
|ai|
2
= 1 (1)
Suh a hermitian matrix an be brought to diagonal shape by an unitary transformation to e.g.:
ρ̂T =

 1 0 ..0 0 ..
.. .. ..


(2)
This transformation ould in priniple be written as U = e−ıHt with a suitable Hamilton-
operator H and a suitable time t. But sine the original density matrix is unknown, also the
transformation an not be known in advane. There only ould be an eduated guess in order to
ahieve this form of the density matrix . This tehnique is used in the development of quantum
omputing (Grovers algorithm)(see e.g.[CGK98℄) .
2.1.1 Contextuality of quantum objets
The above matrix ρ represents a pure state, i.e. ρ2 = ρ. This property is invariant under unitary
transformations. But the oeients in the matrix representation depend on the basis hosen. We
imagine that the state ψ resp. ρ is represented with respet to a speied measuring apparatus
whih means seletion of a measurement basis {ϕi} . Hene the entries of the matrix reet the
relation between the state and the hosen measurement, or in other words, the quantum objet in
its ontext. If the density matrix looks like ρ̂T (see (2)), then the state is an eigenstate with respet
to the measurement basis. This an be interpreted as the quantum objet being in a denite state
relative to the orresponding measurement, i.e. the orresponding eigenvalue is attained with
probability 1. If this is not the ase the density matrix will be of shape (1) with at least two of
the ai 6= 0.
Example: The simplest possible example is a single photon with density matrix
ρz =
(
a1a
∗
1 a1a
∗
2
a∗1a2 a2a
∗
2
)
relative to the basis formed by the eigenstates of the σz-Operator, say. It would look dierent
with respet to the eigenstates of the σx-Operator, namely:
ρx =
1
2
(
(a1 + a2)(a1 + a2)
∗ (a1 + a2)(a∗1 − a
∗
2)
(a1 + a2)
∗(a1 − a2) (a1 − a2)(a1 − a2)∗
)
2.2 Ensemble of Quantum Objets
With the term type 2-system I denote an ensemble of quantum objets. The density matrix of
suh an ensemble is desribed by diagonal entries giving the probabilities of the orresponding
measurement results ([Hun96℄) and hene might be written as
ρ˜ =


|a1|
2
0 0 0 ...
0 |a2|
2
0 0 ...
0 0 |a3|
2
0 ...
... ... ... ... ...
... ... ... ... ...

 with trρ =
N∑
i=1
|ai|
2 = 1 (3)
2
In this ase the behaviour of the quantum objets allows for an ignorane interpretation, where the
properties of a single objet are xed but unknown. Therefore it ould be modelled by throwing
die.
These two ases an be distinguished by a proper notion of quantum information.
3 Notion of Quantum Information
3.1 Quantum Information
Denition: The quantum information, i.e. the information present in a quantum objet, will be
dened as
IQ := C trρ
2 C a suitably hosen onstant (4)
This dention is motivated by the fat, that the density matrix inorporates all the properties of
the objet in question. The expetation value of any observable O is given by: 〈O〉 := tr(ρO).
Hene the expression trρ2 an be onsidered as the expetation value of the information inherent
in the quantum objet. The normalization onstant C should be hosen as logN , where log
denotes the logarithm of basis 2 and N is the dimension of the underlying Hilbert spae. In this
formulation the value C orresponds to the whole available information, ounted in bit or put in
other words, the minimal number of questions neessary for determining the state of the quantum
objet. The value 0 - that annot be attained - would orrespond to the (impossible) ase that
there is no (quantum) information at all.
3.1.1 Type 1 Systems
From the denition it is lear that IQ = C = logN for every quantum objet in a pure state
(sine ρ2 = ρ). It is interesting to give a meaning to this result: A quantum objet is, in strength,
ompletely isolated from its environment. Hene this result an be interpreted in a way that the
quantum objet has the whole information - inluding its quantum mehanial surplus-knowledge
(see below, 3.3) - inorporated on its own. And this internal information of the quantum objet
is independent of all other things that might happen in the world. Even hanges internal to the
quantum objet do not have any inuene on the amount of information as long as they orrespond
to unitary transformations. The quantum information is - by the very denition - always equal to
C, i.e. always omplete and always the whole information thinkable of.
3.1.2 Type 2-systems
In the ase of type 2-systems, however, IQ < C in general. Here the denition of quantum
information gives - with respet to a suitable basis
IQ = Ctrρ˜
2 = C
∑
i
|ai|
4
> 0
where |ai|
2
are the diagonal elements of the density matrix ρ˜ (see (3)). This measure of information
attains a minimum
logN
N
if all states are equally probable, i.e. |ai|
2
= 1
N
for all i, and a maximum,
namely logN , if one state is attained with probability 1.
The dierene between the two types of quantum systems hene is learly visible on the basis
of the notion of quantum information. This instrument an be more rened.
3.2 Interation of quantum objets
Let two quantum objets - the objet S and the objet M with density matries ρS ; ρM respetively
- interat with eah other. In this interation ase the denition
IIQ := (CM + CS)tr(ρS ⊗ ρM )
2
3
gives the information, objet M arries about objet S, say. IIQ , by denition, does not hange
during the interation as long as it is desribed by a Shrödinger equation.
We an distinguish three ases:
1. Both objets, S and M, are of type 1. Then the ompound system is again of type 1, and
an isolated quantum objet with quantum information
IIQ = (CM + CS)tr(ρS ⊗ ρM )
2 = CM + CS
This means, in the ontext of two quantum objets, that both arry the full information of
eah other beause of the entanglements arising between them beause of the interation.
2. Both objets, S and M, are of type 2. Then the ompound system is again of type 2 with
quantum information
IIQ = (CM + CS)tr(ρS ⊗ ρM )
2 = (CM + CS)
∑
i
∣∣aSi ∣∣4∑
j
∣∣aMj ∣∣4 = (CM + CS)CSCM ISQIMQ
where ISQ; I
M
Q are the quantum information of objet S and objet M, respetively.
3. The third ase is the most interesting ase beause it an be used for a haraterization of
measurement: The objet S is of type 1 and the objet M of type 2. We have:
IIQ = (CM + CS)tr(ρS ⊗ ρM )
2 = (CM + CS)
ISQ
CS
·
IMQ
CM
= IMQ (1 +
CS
CM
) < CM + CS
The strit inequality indiates that the measuring objet M takes information from objet
S, but in general not the whole information ISQ = CS . (Of ourse M still holds its own
information IMQ .)
3.3 The quantum mehanial surplus-knowledge
The information IQ only sees the quantum objet, not any relation to a measurement. Its
onstant value C for a pure state reets the fat that a quantum objet always arries the whole
information about its state in it. In a measurement, however, only parts of this information
ome into reality. The other parts are alled the quantum mehanial surplus-knowledge by
Weizsäker, [vW94℄, and Görnitz [Gör99℄ stresses the importane of the relations between dierent
parts of a quantum objet. Hene the o-diagonal elements of the density matrix seem to be an
appropriate measure for this surplus knowledge. As alluded to before, (see setion 2.1), the
o-diagonal elements depend on the kind of ontat with environment (measurement) or, in other
words, on the relation between the state of the quantum objet and the (planned) measurement.
This observation also reets the onsiderations of Bohr who always stressed that the appearane
of a quantum objet depends on the kind of measurement. The surplus-knowledge hene is deeply
onneted to the basis hosen, i.e. to the planned measurement.
How to dene the surplus-knowledge? Let ρ be the density matrix of a quantum objet S of
shape (1) and ρ˜ the orresponding diagonal matrix ρ˜ = diagi(|ai|
2
).
The relation between ρ and ρ˜ an be interpreted in a twofold way:
1. Given a quantum objet S with density matrix ρ we get ρ˜ by a omplete measurement, in
the end, equivalent to the density matrix of a type 2-system or an ensemble.
2. Or vie versa, given ρ˜, - the density matrix belonging to an ensemble - we reonstrut the
state ρ (1) of the quantum objet S from the diagonal elements of ρ˜.
Let us now dene the o-diagonal information, the surplus-knowledge ontained in the density
matrix ρ of quantum objet S, as
4
KSQ := Ctr(ρ− ρ˜)
2
(5)
KSQ an be expressed, as desired, in terms of the o-diagonal elements of the density matrix ρ:
KSQ = Ctr(ρ − ρ˜)
2 = C
∑
i6=j
∣∣aia∗j ∣∣2
resp.
KSQ = C
∑
i
|ai|
2
(1− |ai|
2
) = C − C
∑
i
|ai|
4
= C − I˜Q where I˜Q = Ctrρ˜
2
(6)
This expression admits two interpretations:
1. KSQ may be interpreted as the dierene between the information obtained from the onto-
logial and from the epistemial interpretation of a quantum objet, beause I˜Q = Ctrρ˜
2
reets the epistemologial knowledge ontained in the quantum objet in question. Sine ρ˜
is diagonal we furthermore have Ctr(ρ − ρ˜)2 = Ctrρ2 − Ctrρ˜2.
Hene, the whole information IQ of a quantum objet an be divided into a lassial part
- ontained in the diagonal elements - and a quantum part - ontained in the o-diagonal
elements, i.e. IQ = Ctrρ
2 = C = KSQ + I˜Q. I again want to stress that the quantum part
of the information depends on the relation of state and measurement, i.e. the measured
observable. There always is a measurement relative to whih a quantum objet is in a pure
state (2.1). But simultaneously it is undetermined with respet to non-ommuting observ-
ables (s.a. the example in 2.1.1). In the rst ase there is no surplus knowledge, KSQ = 0,
(relative to the xed measurement, whih with probability 1 shows a xed value for the mea-
sured observable), but in the seond ase KSQ 6= 0. Hene the ourene of a non-vanishing
surplus-knowledge is deeply onneted to the unertainty relations.
2. In a seond interpretation the surplus-knowledge KSQ an be regarded as the possible in-
formation gain during a measurement or the information exhange between the quantum
objet and its environment (resp. measuring apparatus): If ρ desribes an (unknown) objet
before measurement and ρ˜ the (partly) known objet after a measurement then Ctrρ2 is
the information ontained in the unmeasured quantum objet (normally equal to C) and
I˜Q = Ctrρ˜
2
is the information still ontained in the quantum objet after measurement.
This would orrespond to building a partial trae in the standard density matrx formalism.
4 Working with the notion of information
The sense and funtion of these notion an best be explored at work.
4.1 Examples
As the simplest possible example we treat the ase of one resp. two photons.
4.1.1 Case of single photon
A single photon an be written as ψ1 = a1 |0〉 + a2 |1〉 with |a1|
2
+ |a2|
2
= 1. This orresponds -
relative to the standard basis |0〉 =
(
1
0
)
; |1〉 =
(
0
1
)
- to a density matrix
ρ1 =
(
a1a
∗
1 a1a
∗
2
a∗1a2 a2a
∗
2
)
5
The quantum information is IQ = 1 and the quantum mehanial surplus-knowledge then is
KSQ = 2 |a1a2|
2 ≤ 12 . It is determined in relation to a spin measurement along the diretions
|0〉 ; |1〉. Relative to the representation of ψ in the basis a1 |0〉+ a2 |1〉 , a1 |0〉 − a2 |1〉 the density
matrix would look like: ρ1 =
(
1 0
0 0
)
with no surplus knowledge, beause the photon then
is in a eigenstate relative to the orresponding measurement. The relation between the surplus-
knowledge and the whole quantum information marks the amount of information extratable from
the quantum objet - in a xed ontext.
4.1.2 Produt state of two photons
Let us assume that another photon ψ2 = b1 |0〉+b2 |1〉 is brought into ontat with the rst photon.
This an result in a type 1-system whih means that both photons get entangled and give rise to
the most general density matrix
ρ = ρ1 ⊗ ρ2 =


|a1b1|
2
|a1|
2
b1b
∗
2 a1a
∗
2 |b1|
2
a1a
∗
2b1b
2
2
|a1|
2
b∗1b2 |a1b2|
2
a1a
∗
2b
∗
1b2 a1a
∗
2 |b2|
2
a∗1a2 |b1|
2
a∗1a2b1b
∗
2 |a2b1|
2
|a2|
2
b1b
∗
2
a∗1a2b
∗
1b2 a
∗
1a2 |b2|
2 |a2|
2
b∗1b2 |a2b2|
2


whih already is properly normalized with quantum information IQ = 2 and surplus knowledge
KSQ = 4(|a1|
4
|b1b2|
2
+ |a1a2|
2
|b1|
4
+ 2 |a1a2b1b2|
2
+ |a1a2|
2
|b2|
4
+ |a2|
4
|b1b2|
2
)
= 4((|a1b1|
2
+ |a2b2|
2
)(|a1b2|
2
+ |a2b1|
2
) + 2 |a1a2b1b2|
2
) ≤ 32 .
If one of the photons would be in a eigenstate (e.g. b1 = 1; b2 = 0) this surplus knowledge
would redue to 4 |a1a2|
2 ≤ 1.
In general a system of n 2-state quantum objets with equal probabilities 12 for all outomes
of a measurement possesses the (maximal possible) surplus-knowledge
KSQ,max = n(1 −
1
2n
)
4.1.3 EPR-pairs of photons
EPR-pairs are of speial interest. Their density matrix an not be written in terms of the produt
of the density matries of the single potons (this is the way they are onstruted). Let us assume
the singlett state ψ = 1√
2
(|0, 1〉 − |1, 0〉). Herewith
ρ =
1
2


0 0 0 0
0 1 −1 0
0 −1 1 0
0 0 0 0


with respet to the basis built by eigenstates of the operator σz. This gives I
EPR
Q = 2 and the
maximal possible surplus-knowledge KEPRQ = 1. One single measurement an make the whole
system lassial i.e. well determined with respet to this xed measurement, the σz- observable
(see below setion 4.2.2).
The same is valid for the so-alled GHZ-states whih have a similar density matrix in the non-
zero parts of their density matrix. Correspondingly IGHZQ = 3 and K
GHZ
Q =
3
2 . As seen below,
(setions 4.2.2, 4.2.1) also this system beomes lassial with respet to a xed measurement
observable in a single measurement.
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4.1.4 Ensemble of idential photons
The density matrix of an ensemble of n idential photons is built as the sum of the single density
matries. For further analysis I separately introdue arbitrary phases ϕi suh that
ρi,single =
(
a21 a1a2e
ıϕi
a1a2e
−ıϕi a22
)
Hene
ρsystem =
1
n
n∑
i=1
ρi,single =
1
n
(
na21 a1a2
∑n
i=1 e
ıϕi
a1a2
∑n
i=1 e
−ıϕi na22
)
The onstant C is exatly 1 in this ase. Hene there is the surplus knowledge
KSQ(ρsystem) =
1
n2

∣∣∣∣∣
∑
i
a1a2e
ıϕi
∣∣∣∣∣
2
+
∣∣∣∣∣
∑
i
a1a2e
−ıϕi
∣∣∣∣∣
2


=
|a1a2|
2
n2

∣∣∣∣∣
∑
i
eıϕi
∣∣∣∣∣
2
+
∣∣∣∣∣
∑
i
e−ıϕi
∣∣∣∣∣
2


and the quantum information
IQ = (a
4
1 + a
4
2) +
a21a
2
2
n2
n∑
i,j=1
eı(ϕi−ϕj) = (a41 + a
4
2) +
2a21a
2
2
n2
n∑
i,j=1
cos(ϕi − ϕj)
Now two extreme ases an be distinguished:
1. We assume n is very large and the phases ϕi are distributed randomly with equal weight.
Then the term ontaining the diagonal elements outweighs the other term depending on
the phases. Hene IQ ≃ (a
4
1 + a
4
2) < 1 and K
S
Q ≃ 0. This indiates a transition from a
quantum system to a lassial system where the non-knowing of measurement results an
be interpreted epistemially.
2. We assume all the phases ϕi are equal to a single phase ϕ . Then the expressions for the
informations simplify to KSQ = 2 |a1a2|
2
, the surplus knowledge ontained in a single photon,
and to IQ = (a
2
1 + a
2
2)
2 = 1. Taken together this indiates that the ensemble onstitutes
a quantum objet with only two possible states, orresponding to an ensemble of oherent
photons, behaving like one single photon. In this plae it is quite interesting to note that
hene an ensemble of idential photons as required e.g. in the ensemble interpretation,
annot be distinguished from a single photon. Both arry the same information ontent and
the same surplus-knowledge.
For onveniene I give the formulas for a system of two idential photons whih already display
all the desribed behaviour: the density matrix is
ρsystem =
1
2
(
2a21 a1a2(1 + e
ıϕ)
a1a2(1 + e
−ıϕ) 2a22
)
with KSQ =
|a1a2|
2
2
(1+ cosϕ) and IQ = (a
4
1 + a
4
2)+
|a1a2|2
2 (cosϕ+1), where ϕ is the relative phase
of the two photons. If ϕ = 0, then the density matrix of the whole system ρ
system
is just that of
the single photon's density matrix ρ
single
. This again shows that two idential photons together
are desribed by one wavefuntion, exhibiting single partile behaviour. A similar phenomenon
ours in the Bose-Einstein-ondensates.
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4.2 Quantum Information and Measurement
With aid of these notions of quantum information and surplus knowledge we now approah the
measurement problem. We do not go into any detailed disussion of the measurement problem;
this an be read elsewhere [BLM91℄.
4.2.1 Assumptions for measurement
By denition we annot know anything about pure quantum objets, i.e. objets of type 1. Hene
we make
Assumption1: Only quantum objets of type 2 an be used as a measuring apparatus (see also
[BLM91℄).
By the very denition we an have knowledge only about quantum objets of type 2, beause
they allow for an epistemial interpretation of quantum objets; i.e. there are xed values for the
properties to be measured, the observer only does not know whih value is realized. Objets of
type 1 in ontrast do not have xed values for its properties at all; the properties of those objets
ome into existene only with a measurement.
Hene the measurement problem is most deeply related to interation ase 3 from setion 3.2.
Now we assume quantum objets with density matries as in 1 and in 3 and using the same
notation we state the redution postulate as:
Assumption2: If after the measurement any aMj = 0 (that has been dierent from 0 before
measurement), then there are at least one index i1, ...., ir suh that a
S
i1
= ... = aSir = 0.
Remark1: This assumption goes just the other way round than most other assumptions on
measurement devies. In my opinion this formulation gives the possibility of dealing with
the phenomenon of so-alled quantum erasers.
Remark2: A measurement is only fruitful and hands over new information from the quantum
objet to the lassial regime if more than one of the aMi or a
S
i are dierent from zero. A
measuring apparatus M should give a statement whih allows to draw onlusions on the
quantum objet S. I.e. if a possible result ofM is exluded with probability one (that is one
aMj = 0), then there should be properties of S that also an be exluded with probability one.
This seems to me to be a reasonable assumption beause otherwise any measurement would
be ompletely useless or put dierently: the result aMj = 0 of M would give no information
on S, i.e. it would be no true measurement.
As we have seen, the information that an be extrated from a quantum objet depends on the
design of the measurement or - more generally - on the environment it is brought into ontat
with. Furthermore - in order to extrat and interpret the information - we have to know something
about the measuring devie.
4.2.2 Criterion for ompletion of measurement
Given a state and a xed measurement (observable) the quantum mehanial surplus-knowledge
KSQ measures the quantum objet's degree of being quantum with respet to this measurement.
From the denition of KSQ we an dene a quantum objet as behaving lassial if K
S
Q is su-
iently small. Classially there annot be an amount of information less than 1 bit; so we set:
Criterion: The objet S an be regarded as a lassial objet with respet to a xed measure-
ment if the orresponding surplus knowledge KSQ < 1. Then we regard the measurement as
ompleted (at least as far as possible).
Remark: This ondition is always fullled in ase of a 2-dimensional Hilbert spae, i.e. e.g. for
the spin states of a single photon. But already for 3-dimensional Hilbert spae, there has to
be some measurement in order to redue the quantum mehanial surplus knowledge before
a quantum objet an be regarded as lassial, i.e. as having xed values for one property.
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4.3 Example for Measurement: Photon Interferene
Now let us treat the most important ase, the ase of a photon being measured by a objet
showing two possibilities. This setting is given for example by the double slit experiment, a
Mihelson interferometer or similar devies.
Of speial interest in this ontext is the treatment of the phenomenon of quantum eraser and
whih-way-information ([HKWZ96℄).
As alluded to before an interferene experiment would orrespond to ase 3: the interation of
the photon with a measuring devie having two well dened possibilities (ways).
Before the measurement: The density matrix of an interferometer (before the measurement)
is given by:
ρM =
(
α2 0
0 β2
)
with α2 + β2 = 1
and the density matrix of the photon is as desribed above (see (1)). Then the ommon density
matrix of photon and measuring devie is given by
ρS ⊗ ρM =


α2a1a
∗
1 α
2a1a
∗
2 0 0
α2a∗1a2 α
2a2a
∗
2 0 0
0 0 β2a1a
∗
1 β
2a1a
∗
2
0 0 β2a∗1a2 β
2a2a
∗
2


The denition of quantum information gives:
IIQ := 2tr(ρS ⊗ ρM )
2 = 2IMQ = 2(α
4 + β4)
We distinguish two ases:
1. α, β 6= 0. In this ase IIQ < 2, where the strit inequality reets the fat that the ompound
system is not a whole quantum objet but inludes a semilassial devie. The smaller
IIQ the more the measurement devie makes the quantum objet lassial. On the other
hand the quantum objet an not be interpreted ompletely as lassial as is seen from the
surplus-knowledgeKIQ := 2
∑
i6=j o-diagonal
2 = 4(α4+β4) |a1a2|
2 = IIQ ·K
S
Q, indiating the
quantum harater of the ompound system. The minimum of both, IIQ and K
I
Q, therefore
is attained if both ways an be diserned learly, i.e. α2 = β2 = 12 . Then K
I
Q = 2 |a1a2|
2 =
KSQ, the surplus knowledge of the single photon whih only vanishes if a1 = 0 or a2 =
0 meaning that the quantum objet would be in a eigenstate with respet to the hosen
measurement.
2. α = 1;β = 0 or vie versa. In this ase the measurement an give no information on the
quantum objet to the outside environment and the quantum information remains undis-
turbed. Here the surplus knowledge KIQ beomes maximal - K
I
Q = 4 |a1a2|
2
- orresponding
to the fat, that - no matter what is done during the measurement - we annot distinguish
dierent states of the quantum objet in question. That means there is no true measurement,
beause no information is extrated from the quantum objet.
These information values haraterize the ompound system only before a measurement: the
quantum objet interats with the measurement devie without being read from the outside.
After the measurement: After the measurement of a single photon, we should know whih
way it has taken, simulating the situation as if (for this single photon) α = 1resp. β = 0 and from
this information we would like to draw onlusions on the quantum objet. A measurement on an
ensemble requires that for every single photon it has to be deided whether the photon has taken
way 1 or whether the photon has taken way 2, giving in the end the respetive probabilities α2
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resp. β2. Hene from (the fatual) β equal to 0 for a single photon we should be able to onlude
e.g. (the fat) a1 = 0, aording to assumption 2 (redution postulate, 4.2.1). Then I
I,after
Q = 2,
that is: M arries the whole information of the interation and K
S,after
Q = 4 |a1a2|
2 = 0. Then
the measurement is ompleted and the photon may be regarded as a lassial objet with denite
properties - but!: with respet to the performed measurement only!
But sine I
I,after
Q has attained its maximal possible value, there might still be non-vanishing
surplus knowledge with respet to other measurements (observables).
If, as for instane in a quantum eraser, assumption 2 (see 4.2.1) is hurt, i.e. β = 0 and a1 6= 0
after a measurement, K
S,after
Q is dierent from 0, i.e. the photon is not in a eigenstate with
respet to the basis of the measurement or, in other words, (part of) the information is left to the
quantum objet.
5 Conlusion
In this artile there were introdued two notions of quantum information reeting the dierenes
between quantum and lassial objets. These give the fundamental notion of information a
quantitative expression and show learly the ontextuality of quantum objets.
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